The study of pancreatic beta-cells comprises a crucial part of the study of the group of diseases known as diabetes. These cells exist in groups known as islets of Langerhans and are responsible for storing and producing insulin. They exhibit electrical bursting behavior during insulin production that correlates with the rate at which insulin is secreted into the bloodstream. Coupling is a natural process within islets that enables the cells to communicate with one another and transfer various ions and electrical currents; coupling of both voltage and metabolites can occur. We model multicellular islets using an existing system of seven ordinary differential equations to model beta cell function. We simulate cells with mutated KATP channels that remain open indefinitely, which have been described in experimental studies but not yet modeled. Simulations run with these mutations reveal the existence of a bursting death threshold, described by the least percentage of cells in the islet that must be mutated for electrical bursts to completely disappear. We determine that this threshold is independent of coupling strengths, cell distribution, and possibly islet dimension; however, we also determined that this threshold is dependent on the glucose influx rate.
We have developed a computational islet [10] To approach this problem, we represent a computational islet using an N × N × N lattice 8 of beta-cells, where N represents the dimensions of the lattice measured in number of cells.
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One of the main focuses of our project was using these models to study the factors that 10 provoke oscillation deaths. The term "death" is used to signify the loss in slow metabolic 
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In each cell, the beta-cell model uses glycolytic dynamics initially developed by Smolen [12] , combined with electrical dynamics by Bertram et al. [3] , and studied by TsanevaAtanasova et al. [14] . The model's dependent variables are voltage V , fraction of open potassium channels n, and five other chemical concentrations. The equations form a stiff system of seven coupled ordinary differential equations (ODEs). The equations are
where Additional definitions are .
The potassium channel has current, I K , with maximal conductance, g K , and gating variable 6 n driven by the potential's difference from the channel's Nernst potential, V K . Similarly, the 7 calcium, calcium-sensitive potassium, and ATP-sensitive potassium channel with currents,
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I Ca , I K(Ca) , and I K(ATP) , each have a maximal conductance g K(Ca) , g Ca , and g K(ATP) . Each 9 also has conductance dynamics defined by m ∞ (V ), [Ca] 1+ "
" 2 with sensitivity parameter K d , 
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In order to couple the cells together, we define a matrix G that contains the coupling strengths between each pair of cells. The matrix G will be defined such that the coupling is diffusive (α(V i − V j ) where α is the coupling strength, V i is the neighboring cell and V j is the current cell). Thus the differential equation can be written as
where
T is a vector of length 7N 3 (with compo-
T , etc. of length N 3 ), f (t, y) is the right hand side of equations (1)-(7). G is a sparse block diagonal connectivity matrix with 7 × 7 blocks defined as
where the (a, b) entry of the matrices C V , C G6P , C F BP contains the coupling strength 8 between the ath cell and the bth cell, g V , g G6P , and g F BP , respectively. As in [10] , a and b We now move to modifying the existing seven variable model for our study. effected by different electrical and metabolic coupling, cell distributions, and R GK values.
Simulating Mutations
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The different studies we run for the 5 × 5 × 5 islet are as follows: 
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We also run a sampling of these studies for the 3 × 3 × 3 islet to see if and how varying islet 28 size affects the threshold. 
Numerical Method
30
Given the different reaction rates of the system of differential equations (1) This is the optimal choice for our studies because it has a significant speedup compared to 1 most other methods, as observed in [10] and confirmed for the particular case of this paper 2 in Section 4.2, as well as allows us to make modifications to the model in our simulations 3 without having to recompute the Jacobian by hand.
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MATLAB's standard ode15s has significant speed and memory issues in solving the seven 5 variable model even when supplied with a Jacobian found using automatic differentiation.
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The memory-modified version developed in [7] reduces the amount of memory allocated for 7 each iteration of the process and removes the feature of ode15s which stores the gradient 8 vector for each iteration since it is not used in any of the post-processing for our model.
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Efficiency tests in [10] show that there is a significant speedup when the combination of
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ADiMat and the memory-modified ode15s is used, which allows for more simulations. independent of each other and run simultaneously, the overall study can be completed 8 times
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as fast as a serial run. 
Description of the Computing Environment
20
The computations for this study were performed using the MATLAB programming language however, the behavior exhibited by islets with additional coupling parameters is analogous, 1 which is analyzed in the next figure. 2
The studies in Figure 3 observe the number of electrical bursts over 10 minutes vs. the The number of runs, minimum runtime in HH:MM:SS, maximum runtime in HH:MM:SS for 600,000 ms with the range of islet dimensions N × N × N considered in Figure 3 using the memory-modifed ode15s code. We observe through repeated runs with mutated cells with varied parameters that the 1 threshold depends on R GK values in the islet but is independent of electrical coupling, at 2 levels above those for synchronization where we can identify a single islet behavior, and of 
Numerical Study
7
Efficiency studies were performed in [10] to show that the numerical implementation we use 8 is optimized. We compare the original ode15s method with the memory-modified version to 9 justify its continued use when we introduce metabolic coupling capabilities and associated 10 computations into the model. Table 3 gives the wall clock time in HH:MM:SS for a sim-
11
ulation with coupling strengths of g V =75 pS, g G6P =0.01 ms −1 , and g F BP =0.001 ms
for 200,000 ms in the grouped distribution. Table 1 contains runtimes for studies with fi-13 nal time of 600,000 ms for a range of percentage of mutated cells using memory-modified 14 ode15s, hence with a range of times. Table 3 reports actual runtimes for a particular study 15 with a final time of 200,000 ms for a fixed percentage of mutated cells using both original 16 ode15s and memory-modified ode15s as prototype example, using the ADiMat software in 17 both cases.
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The results in Table 3 show significant improvement in simulation runtime, particularly we were able to determine a bursting death threshold describing the least number of mutated 
